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INTRODUCTION

The overall goals of this proposal are to isolate target oncogenes, tumor
suppressor genes and regions of chromosomal instability by the use of a long
interspersed nuclear element based PCR assay. We fully exploited the near
completion of the human genome sequencing with bioinformatic tools to achieve our
goals.

We targeted both known and novel genomic loci for potential candidate genes.
The first region was the c-Met oncogene, because of its association with poor
prognosis in node negative breast cancer (1). The second line of investigations on a
novel sequence specific single stranded DNA binding protein (SSBPs) stemmed from
our parallel studies on human leukemia with poor prognosis. Originally isolated in
the chicken as a gene whose product binds pyrimidine rich mirror repeats elements
the existence of three members that map regions of chromosomal instability was
unknown until our studies uncovered this novel family. Our investigations also
centered on characterization of the protein products for the human MIXL gene and the
SSBP2 gene product in breast cancer cell lines. Our progress with these promising

candidate genes is likely to yield biologically and clinically relevant reagents to
diagnose breast cancer with enhanced sensitivity.




Body

For additional technical details please refer to the two publications (Castro et.
al.,2002, Guo et. al., 2002) generated through this DOD award in the appendix.

l. Isolation of tumor-specific targets of L1Hs retrotransposition and recombination
sites in mammary carcinogenesis.

In accomplishing the tasks i-iii of Specific Aim |, we have taken advantage of the
rapid progress made in the human genome sequencing initiative and the cancer
genome anatomy project. Thus we have screened the expressed sequence tagged
database (dBEST) electronically for transcripts with repetitive sequences.

About the same time, other studies in our laboratory were searching for the human
homolog of the homeobox gene Mix.7 which regulates mesoderm and endoderm
differentiation in Xenopus embryos. A single candidate EST clone (AAB4781) with a
putative Mix like homeodomain was identified in a library from germinal center B

lymphoid cells. When the EST clone AA84781 was sequenced, we identified a partial
- open reading frame. A recursive search of the dBEST database identified only two
other cDNA clones for this novel gene, suggesting an extremely restricted pattern of
expression. Interestingly, one of these ESTs (AA911377) was from a cDNA library
made from laser captured infiltrating ductal carcinoma of the breast (Guo et. al.,

2002). More importantly the 3’ (> 1.0kbp) UTR of this gene contains alu and MER like
repetitive elements. ‘

(iv)Sequence analysis and development of STSs

We developed unique STSs from the 3'untranslated region of the MIX like
homeodomain gene. Using these primers we screened a human genomic library in
Bacterial Artificial Chromosome vector to isolate a large segment of the genome.

The BAC was used to characterize the full length open reading frame of this novel
homeogene that we designated MIXL2 . The gene encodes an open reading frame of
233 amino acids and shows 77% homology to a similar gene, mm/ in the mouse.

Additionally, we characterized the genomic organization and expression pattern
of MIXL2. The gene consists of two exons and shows a highly restricted expression
pattern. None of the breast cancer cell lines tested showed abundant transcripts.
However, reverse transcription coupled PCR detected MIXL2 transcripts in the cell line
MDA-MB 453 and not in the immortalized breast cell line MCF10A.

Simultaneously, we also localized the novel gene to human genome using
DNA from a panel of well characaterized radiation hybrids. Interestingly, the MIX like
gene localized to human chromosome 1q32-41 locus, between the microsatellite loci
D1S479 and, a region of gain in breast cancer.




(v) Development of the PCR for minimal material

In collaboration with Dr. Nour Sneige in the Dept. of Pathology, we dissected 25
breast tumors and isolated normal and tumor DNAs. The status of D1S479 was
examined in these paired samples by polymerase chain reaction (PCR) with end
labeled primers. Interestingly, 12 out of 25 tumors showed allelic imbalance for

D18479 suggesting that the MIXL gene was a candidate target gene of chromosomal
gain in 1q

(vi) Correlation of data from tasks (i-v) with stage and grade.

All of the 25 breast tumors used to screen for allelic imbalance of D1S479 showed
lymph node involvement. Studies are underway to determine whether there is intra-
tumoral heterogeneity for gain of 1q32-41 loci. We will utilize both FISH and MIXL

specific antibody based immuno fluorescence staining approaches to examine such
a possibility.

Tasks v and vi of Specific Aim 1 were to Develop PCR for minimal material and
correlate data from tasks (i-v) of specific aim 1 with stage and grade to determine
consistent quantitative or qualitative patterns can be discerned. Another part was to
complete specific Aim 2 which was to localize PCR rescued fragments to

chromosomal regions and then identify whether these loci are targets of allelic
imbalance in breast cancer.

, With the near completion of the human genome sequencing studies under this
specific aim were re-focused and approached in a cost and time effective ' manner by
utilizing bioinformatic tools. In addition, we also expanded the scope of the proposed
studies by initiating experiments on the protein products of potentially important
candidate genes. Thus the current report comprises of two parts: (1) Chromosomal
localization of regions of instability and identification of candidate genes and (2)
Development of antibodies and characterization of expression of potential tumor
promoting and tumor suppressor genes in breast cancer cell lines.

ll.Characterization of the genomic locus spanning the tumor specific
rearrangements.

A search of the human genome database for novel LINE rich segments
showed a high LINE content on chromosome 7qg31.1 The Met oncogene encoding a
tyrosine kinase receptor, and a marker for poor prognosis in breast cancer localizes
to this region. Therefore, we searched the genomic sequences in the public domain
for putative polymorphic sequences. A Bacterial Artificial Chromosome 354 L07 had a




> 60% repetitive sequences and an unusually high number of L1Hs elements. We
developed three novel markers from these sequences designated ca1, ca2 and gata

In collaboration with Dr. Nour Sneige in the Dept. of Pathology, we dissected 25
breast tumors and isolated normal and tumor DNAs. We developed PCR conditions
to detect allelic imbalance for ca1, ca2, gata in minimal patient material. These
markers along with 7 other highly polymorphic markers (designated D7S***) were
used in allelo typing studies of 25 breast tumor and matched control DNAs. 13 out of
25 tumors examined showed allelic imbalance. We could identify two critical regions,
one flanked by the C- MET protooncogene and second a more centromeric region
between the loci D7S471 and D7S1817.

All of the 25 breast tumors used to screen for allelic imbalance of 7931.1
showed lymph node involvement. We will interrogate the clinical correlation of both
the previously identified chromosome 1q41-42 locus as well as additional loci
characterized here once we have conditions optimized to detect the candidate gene
expression by immuno staining.

lll. Molecular cloning of target genes/loci from the regions of instability.

A novel family of sequence specific single stranded DNA binding proteins
localize to regions of allelic imbalance:

Another novel family of evolutionarily conserved genes which localize to regions
of genomic instability were identified in our laboratory as part of our studies on human
leukemia. The three members of this family encode a putative sequence specific
single stranded DNA binding activity (SSBPs2-4). More importantly these map to
regions of deletions in breast cancer (Castro etal., 2002). SSBP3 maps to

chromosome 1p32, SSBP2 to chromosome 5q13.3 and SSBP4 to chromosome
19p13.1.

In addition, we also examined the genomic organization of SSBP2 which
localizes near a chromosomal break point in the breast cancer cell line SKBR3, as
well as a human leukemia cell line ML3. The gene is encoded by 17 exons and there
are two large introns (> 100kbp), 1 and 4 with several copies of L1 Hs elements.

Interestingly SSBP3 and 4 also have identical genomic organizations with 17 exons
although the intron sizes are smaller.

Development of antibodies, characterization in breast cancer cell line models

A corollary of our hypothesis is that altered expression, either enhanced
expression in the case of oncogenes or loss of expression in the case of putative
tumor suppressor genes at the site of chromosomal instability, contribute towards
the phenotypic evolution of breast cancer cells, we developed highly specific

8




antibodies against peptide epitopes of both MIXL and SSBP2 gene products. Two
different epitopes were identified and affinity purified antisera were generated. The
specificity of the antibodies were verified in cell lines induced to over express under
transient transfection conditions. Thus the antibodies were evaluated stringently and
then utilized in immunoblotting experiments with human breast cancer cell lines.




MIXL2 protein is expressed in immortalized and malignant mammary cell lines:

As stated earlier expression of MIXL appears to be highly restricted by RTPCR and
Northern blotting analyses. This experimental evidence is confirmed by Bioinformatic
analyses of cDNA sequences in the public domain. To date the dBEST Database of
more than 10000 entries from over 30 tissues, contains only 4 sequences for the
MIXL2 gene. These are from a infiltrating ductal carcinoma in situ, germ cell tumor,
normal pre B lymphoid cells and the highly metastatic fibrosarcoma cell line HT1080.
Interestingly, all the breast cancer cell lines (SKBR3, MDA-435, MDA- 453 MDA-468
- and MCF 7) and the SV40 immortalized mammary epithelial cell line MCF10A express
the MIXL protein. This is in contrast to other malignancies including hematopoietic
cancer where we detect a highly restricted expression. Thus aberrant MIXL
expression might confer a proliferative/ survival advantage to breast cancer cells.

SSBP2 protein is not expressed in immortalized and malignant mammary cell
lines:

The putative sequence specific single stranded DNA binding proteins in themselves
may be involved in genomic stability as they are postulated to bind single stranded
sequences that loop out when mirror repeat elements in the DNA assume a triple
helical confirmation. Loss of expression of these elements that reside at regions of
genomic instability and eletion, may confer a survival/ loss of ability to repair DNA
damage advantage to malignant cells. None of the breast cancer cell lines as well as
the immortalized breast epithelial express the SSBP2 protein. This is in contrast to
certainT lymphoid cell lines which express abundant SSBP2 protein. Our future

studies will elucidate the mechanism by which loss of SSBP2 expression confers
survival advantage in cancer.

Key Research Accomplishments:
¢ ldentification of a novel regulatory gene with repetitive elements in the 3'UTR

* Isolation and characterization of the full length open reading frame for the novel
gene designated MIXL2

e Localization of MIXL2 to 1q41, a region of gain in breast cancer

10




Detection of allelic imbalance for D1S479, a marker physically linked to MIXL2, in
12/25 breast tumors with lymph node involvement

Characterization of the 7q31.1 loci flanking the MET protooncogene

Identification of a novel family of sequence specific single stranded DNA binding
protein (SSBPs2-4) and localization to human genome

Development a PCR assay to detect expression of SSBPs2-4
Deveiopmeht of MIXL specific antibodies

Detection of MIXL expression in breast cancer cells in culture
Development of antibodies to SSBP2

Lack of SSBP2 expression in breast cancer

SSBP2 binds pyrimidine rich mirror repeat elements in single stranded DNA.

SSBP2 inhibits HrasV12 mediated transformation of NIH 3T# fibroblasts.




(8) Reportable outcomes:

Development of FISH and immunohistochemical staining probes:

We have characterized a BAC probes from chromosomes 1p32.1, 5q13.3, 7931.1 and
19p13.1 that can be used in Fluorescence in situ hybridization.

We have developed highly specific antibodies to MIXL2 and SSBP2, which can be
used in immuno histochemical staining.

Informatics:
The full length MIXL 2 sequence has been submitted to Genbank.

Full length cDNA and exon specific genomic sequences for SSBPs 2-4 are available
in Genbank

Funding applied for based on work supported by this award:

1. Some of the results obtained in this award contributed to the development of an

amended RO1 proposal to NIH entitled “SSBP2 gene pathway in Myeloid Neoplasm”,
submitted Nov.1, 02.

2.Chromosome 5q13 Tumor Suppressor Locus In Prostate Cancer- Candidate Gene
SSBP2(PI Nagarajan)

Agency: DOD Prostate Cancer Research Program
Duration: 1/01/03 - 12/31/05.
Level of Funding requested:$ 367,186

3.MIXL: A NOVEL HOMEOBOX GENE ACTIVATED IN BREAST CANCER
Time Commitment:10%

Agency: DOD BCRP Idea award

Duration: 1/01/03 - 6/30/04.

Level of Funding requested:$ 297,852

4.SSBP a novel tumor suppressor gene family inactivated in breast cancer
Time Commitment:10%

Agency: DOD BCRP Exploration award
Duration: 1/01/03 - 6/30/04.
Level of Funding requested:$ 146,676
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Conclusions:

1) In breast caner, there are two critical regions of allelic imbalance centromeric of
the c-Met oncogene. Whether imbalances of these intervals are selected for or result
from an overall genomic instability remains to be investigated.

2) The sequence specific single stranded DNA binding proteins are encoded by a
novel gene family. All three members localize to regions of chromosomal deletions
in breast cancer. The SSBP2 gene product inhibits H-ras V12 mediated
transformation of NIH 3T3 fibroblasts.

3) A novel paired type- homeodomain protein MixI2 is expressed in immortalized as
well as transformed mammary epithelial cell lines.
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A Novel, Evolutionarily Conserved Gene Family
with Putative Sequence-Specific Single-Stranded
DNA-Binding Activity
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Complete and partial deletions of chromosome 5q are recurrent cytogenetic anomalies asso-
ciated with aggressive myeloid malignancies. Earlier, we identified an ~ 1.5-Mb region of
loss at 5q13.3 between the loci D55672 and D55620 in primary leukemic blasts. A leukemic
cell line, ML3, is diploid for all of chromosome 5, except for an inversion-coupled translo-
cation within the D55672-D55620 interval. Here, we report the development of a bacterial
artificial chromosome (BAC) contig to define the breakpoint and the identification of a
novel gene SSBP2, the target of disruption in ML3 cells. A preliminary evaluation of SSBP2
as a tumor suppressor gene in primary leukemic blasts and cell lines suggests that the
remaining allele does not undergo intragenic mutations. SSBP2 is one of three members of
a closely related, evolutionarily conserved, and ubiquitously expressed gene family. SSBP3
is the human ortholog of a chicken gene, CSDP, that encodes a sequence-specific single-
stranded DNA-binding protein. SSBP3 localizes to chromosome 1p31.3, and the third mem-
ber, SSBP4, maps to chromosome 19p13.1. Chromosomal localization and the putative sin-
gle-stranded DNA-binding activity suggest that all three members of this family are capable
of potential tumor suppressor activity by gene dosage or other epigenetic mechanisms.

Key Words: chromosome 5q13.3, myelogénaus léukemia, loss, growth,
differentiation, suppression

INTRODUCTION

On the basis of the paradigm that chromosomal deletions re}:—
resent loss of regions harboring tumor suppressor elements, we
and others have searched for candidate suppressor genes on
human chromosome 5¢31, a common target of deletion in
myeloid malignancies. Most of the deletions appear to overlap
at 5q31.1; nonetheless, these large interstitial deletions encom-
pass > 60% of the long arm. Moreover, high-resolution cyto-
genetics has identified a subset of patients who lose only the
proximal 5(q11q13) interval and retain the rest of chromosome
5q [1]. Consistent with the cytogenetic findings, we identified
a second critical locus at 5g13.3 that is lost from unbalanced
translocations between chromosome 5q and 17p. The transio-
cations in two patients with acute myelogenous leukemia
(AML), which were in opposite orientations, overlapped within
an interval flanked by the markers D55672 and D55620 [2-4].

The identification of an AML cell line model underscored
the importance of the loss or disruption of the 5q13 interval.
Specifically, in the cell line ML3, the entire chromosome 5

sequences are grossly intact, except for an inversion-cou-
pled translocation at 5q13.3 within an estimated distance of
1 Mb between the loci D551464 and D55620 [2,4]. The
D551464-D55620 interval is contained within the telomeric
half of the D55672-D55620 critical locus originally identified
in patients. Here we report our findings of a novel gene,
SSBP2, that encodes a putative sequence-specific single-
stranded DNA-binding protein. SSBP2 is the apparent tar-
get of unbalanced translocations and deletions.
Additionally, two other members of this family, SSBP3 and
SSBP4, localize to chromosome 1p31.3 and 19p13.1, which
are regions of deletions in a variety of malignancies.

REesuLTs

Physical Map of the 5q13.3 Locus and Delineation of the
Chromosomal Breakpoint in the AML Cell Line ML3
Both conventional cytogenetics and fluorescence in situ
hybridization (FISH) studies of ML3 cells have identified a
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In the next step, partial genomic sequences of the

D5S626
SHGC34817 PN a7 BAC 56009 that was available were also found to over-
19 D55806 ;|
EDSSf?“ 59531?4&' Wher bss202e MS???PES&G lap with the end of the CTD BAC clone 2180111 from the
Pasles . <—m——u- human genome survey (GenBank acc. no. AQ270315).
Aaars, : i { Comparisons of partial genomic sequences from
S84 209D 2180011 | 1&8511 P P 5 q

! 5@2 286E15 3155K1 ; P 2180L11 against the Genome Sequence Survey (GSS)
adon7 ; 360148 m 55533‘ ; 17 database identified another CTD clone 3155K1 (GenBank
<R SR g 236020 The end for 2180L11 and

564018 | 484A0. 484 A? ’ Jgbe acc. no. AQ786892). The end sequences for an
T *zu0x9: — ez 3155K1 were then used to design primers for another

VRS

round of screening against the CTC BAC DNA pools to

FIG. 1. Minimal tiling path between markers D551464 and D5S620. A bidirectional 1501ate BACs 360118 and 484A7.

walk between D551464 and D55620 was carried out by PCR screening Caltech-C {CTG)

On the centromeric side, we had determined that the

BAC library pools. Ends of individual BACs were sequenced, and overlapping clones  marker SHGC-34817 was telomeric of D58 1464, based on

were isolated by multiple rounds of screens. The non-CTC BACs (RP11-340K9, CTD-
2180111, CTD-3155K1, and CTA-128F11) identified by sequence searches are denoted

nonchimeric YACs. Therefore, this marker was used to

by a different font. STS markers from this physical map are available in GenBank (acc. 1??}3{:8 additional clones to il the &ap- This screen iden-
nos. AQ939874-AQ939899). The D552029 locus, a marker for the telomeric limit iden- tified clones 448F14, 461G4, 518G22, 492D7, and 484A9.
tified in primary leukemic blasts [4], is shown in bold. The centromeric limit D55146¢ Of these, only 484A9 tested positive for the marker
identified in ML3 cells is also in bold. The SP6 ends are denoted by arrowheads, and D557 740. The T7 end of this clone was then used again

the T7 ends are blunt.

to screen the BAC pool. Clones 209D19, 256E15, and

normal chromosome 5 and two marker chromosomes with
chromosome 5 sequences, namely der(3) and der(5). While the
der(3) contained 5q13.3~qter material juxtaposed to 3q in an
inverted orientation, the der(5) is consistent with a 5q- chro-
mosome. Yeast artificial chromosomes (YACs) spanning the
inversion-coupled translocation interval in ML3 cells have
been reported [2,4]. A doubly linked YAC tiling path that was
contiguous across the D551464-D55620 interval delineated
the chromosomal breakpoint at 5q13.3 [2,4]. Two nonover-
lapping YACs (729F12 containing the marker D551464, and
965B11 containing the D55620 locus) hybridized to the two
different derivative chromosomes, suggesting that the break-
point resides between these YACs. However, two overlap-
ping mega YACs, 940D1 and 934C2, also hybridized to the
two different derivative chromosomes. We therefore hypoth-
esized that the breakpoint resides within the small region of
overlap between the YACs 940D1 and 934C2 and that the
restricted sensitivity of FISH limited our ability to detect a
split signal.

To refine further the physical map and delineate the
breakpoint precisely, we constructed a BAC contig between
the loci D551464 and D55620. Markers D551464, D552029,
and D55620 were simultaneously screened against the
Caltech CTC BAC library DNA pools. One clone, 448F14, was
isolated for D551464, and the marker D55620 could be ampli-
tied from BACs 457H17 and 286G23. Clones 56009, 421M10,
and 236D20 were identified for the marker D552029. SP6
(arrow) and T7 (blunt) ends of these BACS were sequenced,
and primers were designed and used again to screen the BAC
DNA pools (Fig. 1). Of these, the SP6 end of 56009 matched
the marker D552029 sequences. In addition, both ends of
clone 457H17 and the T7 end of 56009 could be localized
within a fully sequenced CTA BAC clone 128F11 (GenBank
acc. no. AC005406). Thus, we physically linked markers

D55202% and D55620.

546C12 overlapped with the end sequence of 484A9, and

all three clones also contained the marker D551740. To
determine which clone extended most telomerically, the ends
were sequenced and tested against each other by PCR. The T7
end of 546C12 did not amplify against any other clone and
was then used in an additional round of screening to isolate
BACs. The BAC 546112 that was isolated by this screen con-
tained the ends of both 3155K1 and 360118.

The order of markers obtained by the BAC contig in
Figure 1, which is triply linked for the most part, is consistent
with the partial 1.47-Mb human genomic sequences (NT
007022} in the public domain. NT 007022 is a contig of assem-
bled sequences from the Caltech C, D, and RP11 genomic
libraries {Table 1). Four of the BAC clones isolated in our
screen {(CTC-564D18, CTC-448F14, CTC-484A9, and CTC-
56009} are also part of this assembly. Localization of the two
markers D551464 and NIB1097 at nucleotides 126,661-126,926
and 971,391-971,606 of the NT 007022 sequences suggested
the contig in Fig. 1 to be > 850 kb. At present, the N'T 007022
sequences are annotated to encode 6 genes, with evidence for
transcripts and 11 hypothetical genes predicted by genome-
scanning methods (Table 1). It is interesting that genome
scans did not detect any hypothetical transcripts in sequences
from clones CTC-448F14, RP11-370B10, RP11-340K9, and
CTC-484A9. The only gene localized between the nucleotides
53,299 and 399,399 is SSBP2Z, so designated because of its
homology to a chicken gene, C5DP, that encodes a putative
sequence-specific single-stranded DNA-binding activity,
which turned out to be the target of disruption in ML3 cells.

Delineation of the 5q13.3 Breakpeint in ML3 Cells and
Identification of a Candidate Gene

Selected individual BACs that localized to the region of over-
lap between the YACs 940D1 and 934C2 were used as FISH
probes on ML3 cells. BACs 209D19 and 492D7, 448F14 and
564D18 were found to flank the breakpoint, whereas the BAC
484A9 gave a split signal, with a stronger signal on the der(3)

GEromics Vol. 80, Number 1, July 2002
Copyright © 2002 Elsevier Science (USA). All rights reserved.
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FIG. 2, The 5q13.3 chromosomal break in ML3 cells dis-
rupts SSBPZ. (A) FISH with BAC 209D19 sequences A
revealed hybridization to der(3), shown in red.
Additionally, the BACs 546C12 and 360118 (Fig. 1) also

B o%®

1234 D551484

hybridized to der(3). BACs 492D7, 448F14, and 564D18 &
hybridized to der(5) chromosome shown in green.
Draft sequences of BACs 484A9 and 564D18 allowed
identification of 17 exons corresponding to the cDNA
sequences. Splice donor and acceptor sequences
flanked each exon, and a polyadenylation signal could
be identified. GenBank NT_007022 sequences identi-
fied 16 of these exons between nucleotides 53,323 and
399,188. (B) Ideograms for the two derivative chromo-
somes from ML3 cells. Note that all the chromosome 5
sequences are retained, except for a disruption at
5q13.3. Localization of red and green hybridized BACs
is indicated. (C} S5BPZ is truncated within the first
intron in ML3 cells. This illustration depicts the
rearranged SSBP2 allele on the der(3) chromosome in
MLS3 cells. The complex chromosomal changes at the
telomere of the der{3} chromosome result in the tran-
scription of the first exon of SSBP2 that is spliced to a
novel 3'-untranslated region (3-UTR}. The 3'-UTR
with a polyadenylation signal matches genomic
sequences from chromosome 10p15 with a flanking 3
splice acceptor site, (D) 55BP2 is truncated within the
first intron in ML3 cells. Total RNA from ML3 cells was
reverse-transcribed and amplified with an S5BP2 exon
1-specific sense primer and an oligo-dT primer. The
unique product was subcloned and sequenced, and
primers were derived from the novel 3"-UTR sequences
from chromosome 10p15 locus. The primer pair SSBP2
ATGF, 5'-ATGTACGGCAAAGGCAAGAGT-3, and
10p+195.R, 5'-GCACTTGTA GTCCCAACTACTC-3,
yielded the predicted 259-bp product from ML3 cells
and not from normal mononuclear RNA. Sizes of the
unique band and relevant molecular weight markers
are denoted in base pairs.

tive 3’ exon of 277 bp with a polyadenylation signal (Fig. 2C).
Therefore, the chromosomal break at 5q13.3 has occurred
within the large first intron of $SBP2. The transcription poten-
tial of the novel 3' exon was verified by the identification of
flanking splice acceptor sites in the genomic sequences. The
genomic sequences for the novel exon localized to chromo-
some 10p15.3. A review of the karyotype of ML3 cells revealed
that this cell line is monosomic for chromosome 10. Thus,
10pter could have served as an ectopic telomere for the der(3)
chromosome as a result of a cryptic unbalanced translocation
with loss of chromosome 10 sequences. The authenticity of the
RACE product was further confirmed by PCR with a combi-
nation of the 55BP2-specific forward primer and a reverse
primer from the chromosome 10p exon. The anticipated prod-
uct of 259 bp was detected in ML3 cells and not in normal
mononuclear cells (Fig. 2D).

A Gene Family with High Evolutionary Conservation
Revealed by the Deduced Open Reading Frame of SSBP2
Recursive searches of the databases yielded three identical
full-length SSBP2Z ¢DNAs, one from normal CD34*
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hematopoietic stem cells (NM_012446), one from pituitary
(AF077048), and one from fetal brain (AL080076). The
predicted ORF of SSBP2 shows similarity to the chicken CSDP
[5]. In addition, the UniGene database annotates a ubiqui-
tously expressed human SSBP gene (Hs. 266914), with high
identity to CSDP. Hs 266914 sequences localize to chromo-
some 1p. We identified a third member of this family by
recursive searches of dBEST. We obtained several IMAGE
consortium c¢cDNA clones and generated double-stranded
sequences. The cDNA inserts were full length for §5BP2.
However, for Hs. 266914, designated S5BP3 (IMAGE:
1553027), and the third member, SSBP4 (IMAGE: 2697135),
the clones yielded partial sequences; exons 4-17 for SSBP3
and exons 1-16 for SSBP4. We generated unique primers for
the predicted exons 1-17 for both SSBP3 and SSBP4 and
confirmed expression of both transcripts by RT-PCR (H.L. et
al., unpublished data). Alternative splicing as well as addi-
tional internal exons were identified for all three genes,
suggesting the existence of multiple isoforms for each protein.

Thus, a total of three distinct but highly related ORFs
were identified: 1) SSBP3, highest homology to the chicken
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were high in heart, brain, kidney, and skeletal muscle (Fig. 4B).
We next examined the expression of S5BP2 in leukemic
cell lines (Fig. 4C). The childhood pre-T leukemia cell line
CEM showed very high expression, analogous to the high
expression seen in normal thymus. The AML cell line KG1
expressed SSBP2 at significantly high levels. This is in sharp
contrast to other AML cell lines (HL60, U937, and ML3),
which showed reduced expression. The reduced transcript
levels in ML3 are consistent with hemizygosity of SSBP2,
because the truncated sequences {exons 2-17) from the der(5)
chromosome do not appear to be transcribed in these cells.

Absence of Inactivating Mutations in SSBP2

To determine whether S5BP2 is a classical tumor suppressor
gene that functions by a recessive mechanism, we searched for
intragenic mutations in the remaining allele in ML3 and HL60
cells, which are hemizygous for SSBP2 (P.C. ef al., unpublished
data), as well as in primary leukemic blasts from four patients
(Table 2). The possibility of heterozygous mutations was also
examined in KG1, TF1, and HEL cells. No gross inactivating
mutations were detected in either the cell lines or leukemic
blasts from the four patients, suggesting that SSBPZ is not a
common target of inactivating mutations. However, we
noticed that the yields from the amplification reactions were
low in all samples, suggesting SSBP2 expression to be
decreased in AML with the exception of KGI cells.

Discussion

Loss of Gene Function by Chromosomal Translocations

Acquired complete and partial deletions of chromosomes 5
and 7 and trisomy 8 have long been recognized to be hall-
marks of poor prognosis in myeloid malignancies [9,10].
Nonetheless, isolation of classical tumor suppressor genes
that function by a recessive, two-hit mechanism from

FIG. 4. S5BP2 is ubiquitously expressed. (A) SSBF2 expression in
hematopoietic tissues. A radiolabeled, full-length cDNA clone (IMAGE
26769) was hybridized to a commercial northern blot (Immune system II;
Clontech) containing 2 g of poly(A}* RNA. Hybridizations were done at
42°C for 23 hours in 50% formamide and washed under high stringency
conditions (0.1 SSC at 65°C for 1 hour), after which the autoradiograph
was exposed overnight. PBL, Peripheral blood leukocytes. {B) SSBF2
expression in normal human tissues. A multiple-tissue northern blot (MTS;
Clontech) was hybridized and washed under the same conditions as in (A).
(C) S5BP2 expression is reduced in human AML cell lines as shown by a
northern blot containing RNA (~ 30 g of total) from exponentially grow-
ing AML cell lines. Hybridization and wash conditions were identical to
those in (A). (D) Ethidium bromide stain of gel used in (C).

chromosomes 5 and 7 has remained elusive. The frequent
co-segregation of two or more of these anomalies in the midst
of other complexities has raised the possibility that the dele-
tions in fact reflect an overall karyotypic instability. However,
unbalanced translocation between chromosomes 5 and 17
causes loss of the wild-type allele of TP53 despite the varied
breakpoints on chromosome 17p {4,11,12]. Similarly, the
D55672-D55620 locus was hypothesized to harbor a critical
gene that collaborates with loss of TP53, as this interval was
invariantly deleted in patients or cell lines with loss of 17p.
Chromosome 5q13.3 is also a region of loss in hairy-cell
leukemia (HCL), and three candidate genes have been iden-
tified from an interval characterized by constitutional inver-
sion [13,14]. Although the interval delineated for HCL is close
to S5BP2, it remains to be examined whether SSBP2 is altered
in HCL. We have hypothesized that the rare cases of AML
with overlapping deletions at 5q13.3 due to unbalanced
translocations pinpoint a critical suppressor element [4].
Notably, the ML3 cell line grossly retains all the 5q segments
flanking 5q13.3, as revealed by heterozygosity for polymor-
phic loci and by FISH, thus excluding tumor suppressors from
other chromosome 5 loci. The availability of this cell line pro-
vided a unique opportunity to isolate the SSBPZ gene by a
conventional positional cloning approach {Figs. 1 and 2).

TABLE 2: Absence of intragenic mutations in SSBP2"

Leukemia Number of samples tested Mutations

Primary 4 None

AML/MDS

Cell lines 5 None
{ML3, KG1, HL60, TF1 and HEL)

“cDNA pools from primary leukemic blasts or cell lines were generated and screened for
mutations by PCR with three pairs of primers. No mutations could be detected, although
the PCR gave poor yields from the leukemic blasts and the ML3, HL#0, TF1, and HEL
cell lines.
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Northern blot analysis. Northern blots containing poly(A)" RNA from
hematopoietic tissues were purchased from Clontech Laboratories and probed
with radiclabeled full-length SSBP2 cDNA (IMAGE 26769). The blots were
hybridized at 42°C for 23 hours in 50% formamide and washed under high-
stringency conditions in 0.1x S5C at 65°C for 1 hour, after which the autora-
diograph was exposed overnight.

Mutation screens. Total RNA (3 pg) from AML cell lines or leukemic blasts
was reverse-transcribed with Moloney reverse transcriptase, and the ¢cDNA
pools were amplified by PCR with three pairs of nested, gene-specific primers.
Two overlapping primer pairs (exon 1F+ exon7R and exon 4F+ stop29R)

‘covered the entire coding region. The primer sequences are as follow: exon1F,

5-GTTGACAGGTGCGTGACAGT-3"; exon7R, 5'-TCTGGGGAGTAATG-
GCTGAC-3'; exondF, 5-TGGAAGGCTTTTGCTTCACT-3'; stop29R, 5-TGC
AGTTCAGTTTAGGGCAAT-3'. Double-stranded sequences for both products,

generated by the ABI automated sequencing system, were examined for intra-
genic mutations.

3"-RACE. 3'-RACE was conducted on ¢cDNA pools from RNA reverse-tran-
scribed with oligo-dT, essentially as described [33].
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HEMATOPOIESIS

A human Mix-like homeobox gene MIXL shows functional similarity

to Xenopus Mix.1

Wsi Guo, Agnes Pui-yee Chan, Hong Liang, Eric D. Wieder, Jeffrey J. Molldrem, Laurence D. Etkin, and Lalitha Nagarajan

Molecular events involved in specifica-
tion of early hematopoietic system are
not well known. In Xenopus, a paired-box
homeodomain family (Mix.1-4) has been
implicated in this process. Although Mix-
like homeobox genes have been isolated
from chicken (CMIX) and mice (Mml/
MIXL1), isolation of a human Mix-like gene
has remained elusive. We have recently
isolated and characterized a novel human
Mix-fike homeobox gene with a predicted
open reading frame of 232 amino acids

designated the Mix.1 homeobox (Xeno-
pus laevis)-like gene (MIXL). The overall
identity of this novel protein to CMIX and
MmIMIXL1 is 41% and 69%, respectively.
However, the identity in the homeodo-
main is 66% to that of Xenopus Mix.1, 79%
to that of CMIX, and 94% to that of MmV/
MIXL1. In normal hematopoiesis, MIXL
expression appears to be restricted to
immature B- and T-lymphoid cells. Sev-
eral acute leukemic cell lines of B, T, and
myeloid lineage express MIXL suggest-

ing a survival/block in differentiation ad-
vantage. Furthermore, Xenopus animal
cap assay revealed that MIXL could in-
duce expression of the a-giobin gene,
suggesting a functional conservation of
the homeodomain. Isolation of the MIXL
gene is the first step toward understanding
novel regulatory circuits in early hemato~
poietic differentiation and malignant
transformation. (Blood. 2002;100:89-95)

© 2002 by The American Society of Hematology

Introduction

Mechanisms governing specification, proliferation, and differentia-
tion of hematopoietic progenitors into terminally differentiated
circulating elements have begun to unfold in the past decade.
Several transcription factors, uncovered by specific chromosomal
translocations, are also regulators of normal hematopoietic differen-
tiation as demonstrated by loss-of-function studies in murine
models. More importantly, the striking evolutionary conservation
of lineage-commitment mechanisms between fruit flies and mam-
mals! suggests that studies on mammalian orthologs of genes that
regulate early hematopoiesis in invertebrates or amphibians may
shed light on novel regulatory circuits,

Mix.1, a pairedlike homeobox gene in Xenopus, was initially
identified as an inducer of ventral mesoderm and/or endoderm.23
Subsequently, several Mix.1-like genes were isolated and shown to
be involved in the regulation of mesoderm and/or endoderm
formation.*” At present, the Mix.1-like gene family includes the
Mix family (Mix.1-4), Bix family (Bix1-4), and Mixer in Xeno-
pus>7 However, in chicken (CMIX), mice (Mml) and humans, the
Mix-like homeobox genes appear to be single copies.®!! Although
the proteins encoded by Mix-like genes vary in size, they are all
modular with a highly conserved paired-type homeodomain and a
conserved carboxy-terminal acidic domain.

The Xenopus Mix.1 gene is implicated in the process of
patterning ventral mesoderm to hematopoietic fate induced by bone
morphogeneiic protein 4 (BMP-4), a member of the transforming
growth factor B (TGF-f) family.'? In combination with mesoderm
inducers fibroblast growth factor (FGF) or activin, BMP-4 induces
abundant hematopoietic mesoderm in Xenopus animal caps.’3 A
dominant-negative mutant of Mix.1 blocks the BMP-4 response in

this system.' Consistent with the Xenopus studies, BMP-4 expres-
sion in human embryos is polarized to the ventral wall of the dorsal
aorta, which is associated with clusters of hematopoietic cells in the
aorta-gonad-mesonephros (AGM) region.'® Strong BMP-4 expres-
sion is also detected in cells specifically associated with blood
islands in human embryonic yolk sac.'® These observations in
human embryos suggest a role for BMP-4 in the initiation of both
yolk sac and AGM hematopoiesis.

The SMADS gene, a signal transducer of BMP-4, localizes to
human chromosome 5q31.1, a region of loss in human acute
myelogenous leukemia (AML).' Our previous studies character-
ized a carboxy-terminally truncated alternate splice form SMADSB
that is preferentially expressed in hematopoietic stem cells and
leukemia.!” Because of our interests in the functional consequences
of persistent SMADS( expression and possible haploinsufficiency
for full-length SMADS, we searched for a putative downstream
target, the human Mix-like homeobox gene. Here, we report the
isolation and characterization of the human MIXL (Mix.l ho-
meobox [Xenopus laevis)-like) gene, which mimics Xeropus Mix.1
in functional assays. Our findings raise the possibility of an
essential role for MIXL in embryonic and adult hematopoiesis.

Materials and methods
Databases and bioinformatics

The databases Nucleotide (NR), High Throughput Genomic Sequences
(HTGS), and Expressed Sequence Tags (dbEST) at the National Center for
Biotechnology Information (http://www.ncbi.nim.nih.gov), as well as the
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chromosome 1 sequences at the Sanger Center (http/hwww.sangeracuk/HGP/
Chrl/), were used to search for complementary DNAs (cDNAs). sequence
tagged sites (STSs), and genomic sequences. High-resolution fluorescence in situ
hybridization (FISH) of chromosome 1 markers was accessed at the website
httpv’icgap.nci.nib,goviChmmosomeszAC_Clone_Map?Ci-ER = 1. The Mitel-
man Database of Chromosome Aberations in Cancer culled from the literature
by E Mitelman, B. Johansson, and F. Mertens (editors) was accessed at the
Cancer Genome Anatomy Project (CGAP) web site http:/cgapacinih.gov/
chromosomes/Mitelman.

Expressed sequence tags and bacterial artificial chromosome

The EST clones AA847809, AA911377, and AI654861 and the bacterial
artificial chromosome (BAC) clone CITB-HSP-C 216111 were purchased
from Research Genetics (Huntsville, AL).

Polymerase chain reaction

All the polymerase chain reactions (PCRs) were conducted under the
following conditions: an initial denaturation for 4 minutes at 95°C,
followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at
55°C to 60°C for 30 seconds, and extension at 72°C for 30 seconds, plusa
final extension for 10 minutes at 72°C. The primers were used at the

concentrations of 10 pmol in a total volume of 20 L. The Tag polymerase )

was obtained from Gibco BRL (Rockville, MD).

The CITB Human BAC DNA Pool (CITB-HSP-C Library, Research
Genetics) was screened with a pair of MIXL-specific primers: MIXL-EST1
forward primer 5'-CAA AGC TGG ACT CAT GGG AG-3' and reverse
primer 5'-AAC GAA TGC GGG AAC TCT GG-3'. The MIXL intron was
amplified from BAC 216111 with the Expand High Fidelity PCR System
(Roche. Indianapolis, IN). The primer pair used to amplify the putative
infronic sequences was MIXL-HD forward primer 5'-TTT CAG CGC CGA
ACA G-3' and reverse primer 5'-ATC TCC GGC CTA GCC AAA GG-3'.
The 3’ rapid amplification of cDNA ends (RACE) was performed with the
primer MIX-3RACE 5'-GCG TGC CAA GTC TCG GCG TCA G-3".

Radiation hybrid mapping

The G3 radiation hybrid (RH) panel (a panel of 83 whole genome
human-hamster radiation hybrids) was used to generate the RH linkage
data.’® Eighty-three PCR reactions wera performed with a pair of MIXL
primers: MIXL-EST2 forward primer 5'-TCT GGG AGA AAT CCG GAT
AAG C-3’ and reverse primer 5'-TGT GAG AGG TGC TGT CAA AAC
C-3'. The duta were confirmed by PCR with a second pair of primers
(MIXL-EST1). The combined RH linkage data set where 0 represents
negative signals and | represents positive signals, was submitted to the
Stanford Radiation Hybrid Mapping server (http://shge.stanford.edw/RH/
rhserverformnew.html) for statistical linkage analysis.

Northern blotting

The Human Immune System Multi-tissue Northern Blot 11 was purchased
from Clontech (Palo Alto, CA). The blot was prehybridized for § hours with
the prehybridization solution (5 times SSPE (150 mM sodium chloride.
10 mM sodium phosphate, 18 mM ethylenediaminetetraacetic acid [EDTA].
10 times Denhardt solution. 2.0% sodium dodecyl sulfate (SDS). 50%
deionized formamide, 100 pg/mL sheared salmon sperm DNA)Y The
plasmid pCR2.1-TOPO-MIXL containing a 1 kilobase-pair (Kbp) MIXL
insert (424 bp coding sequences including the Mix-like homeobox and 543
bp 3" untranslated region [UTR] sequences) in the vector pCR2.1-TOPO
(Invitrogen, Carlsbad, CA) was randomly primed with [a-*2P)dCTP
(Random Primed DNA Labeling Kit from Roche) and added to the
hybridization solution at a final concentration of 1.3 X 107 cpm/mL. The
blot was rinsed at room temperature 3 times with wash solution I (2 times
SSC. 0.1% SDS) after 28 hours of hybridization. Final washes were done at
55°C with wash solution 11 (0.5 times SSC. 0.1% SDS) for 30 minutes
before exposing the blot to x-ray films (X-OMT: Kodak, New Haven. CT' )
for 5 days. The blot was rehybridized with human B-actin cDNA (Cloatech)
to evaluate messenger RNA (mRNA) loading.

BLOOD, 1 JULY 2002 - VOLUME 100, NUMBER 1

Celi sorting

Previously cryopreserved normal donor bone marrow {6 X 107 cells) or
peripheral blood mononuclear cells (1 X 107 cells) were thawed, resus-
pended at 2 X 107 cells/mL in phosphate-buffered saline (PBS) and stained
with appropriate combinations of monoclonal antibodies for 30 minutes at
4°C. The following monoclonal antibodies were used: CD5—fluorescein
isothiocyanate (FITC). CD13-phycoerythrin (PE; Becton Dickinson, San
Jose, CA); CD34-ECD (phycoerythrin-Texas Red-x: Beckman/Coulter,
Hileah, FL): glycophorin A FITC, CD3-allophycocyanin (APC), CD45-APC-
cyanine7 (Cy7). CD19-tri-color (R-PE-Cy$ tandem) (TC) (Caltag Labs,
Burlingame, CA). After staining, cells were washed and resuspended for
subsequent analysis and cell sorting on a MoFlo cell sorter (Cytomation,
Fort Collins, CO). For bone marrow, live cells (CD45") from bone marrow
were gated for CD34 expression. Cells expressing CD34 (5.77% of CD45+
cells) were subgated for myeloid, T, and B lymphoid progenitors. Myeloid
{CD34*CD45*CD13%), T (CD34*CD45*CD5*), or B (CD34*CD45*
CD19*) progenitors were sorted and deposited directly into tubes contain-
ing TriZol (Gibco). For peripheral blood, subgroups of cells were identified
based on scatter characteristics and antibody staining: CD13* monocytes,
glycophorin A* erythrocytes. CD19* B lymphocytes, or CD3* T lympho-
cytes were sorted for total RNA extraction.

Reverse transcriptase-coupied PCR

Total RNAs from human cells, Xenopus embryos. or animal caps were
extracted with TRIzol (Gibeo) according to the manufacturer’s instructions.
The reverse transcription was performed with the oligo dT (Gibco) or the
primer Qt.*® The SuperScript 11 RNase H™ M-MLV reverse transcriptase
was purchased from Gibeo. After reverse transcription {RT), the reactions
were diluted 1:40, and 2 pL aliquots were used as templates for PCR
reactions. MIXL expression in sorted cells was determined by RT-PCR with
the MIXL-EXP primers 5'-GGTACCCCGACATCCACTTG-3' and §'-
CTCCCATGAGTCCAGCTTTG-3’ and the B-actin primers 5'-AGAGCAA-
GAGAGGCATCCTC-3' and 5'-ATAGCACAGCCTGGATAGCA-¥, fol-
lowed by Southem blotting with a MIXL ¢DNA fragment and B-actin
cDNA fragment as described below. For each sample, 5 paraflel reactions of
RT-PCR were performed with different PCR cycles (18, 21, 24, 27, or
30 cycles).

The RT-PCR products were resolved on 1.5% agarose gels and then
transferred to the Hybond N+ membranes (Amersham, Piscataway. NJ)
with 0.4 M sodium hydroxide. The DNA on the blots was cross-linked by
UV (Hoefer UV cross-linker. Amersham). The blots were prehybridized for
1 hour with the prehybridization solution (5 times SSPE, 5 times Denhardt
solution. 0.5% SDS, 100 pg/mL sheared salmon sperm DNA). The 1 kbp
MIXL and 286 bp B-actin cDNA fragments were randomly primed with
[«-**P]dCTP (Random Primed DNA Labeling Kit from Roche) and added
to the hybridization solution at a final concentration of 2.6 X 10¢ cpm/mL.
After 14 hours of hybridization, the blot was rinsed at room femperatare 3
times with wash solution 1 (2 times SSC, 0.1% SDS). Final washes were
done at 65°C with wash solution IT (0.05-0.1 times SSC, 0.1% SDS)for30
minutes before exposing the blot to the Phosphor Imager screen (Molecular
Dynamics/Amersham Biosciences, Sunnyvale, CA) for [ hour,

Generation of antisera and immunoblotting

The amino-terminal antigen (TAESRALQFAEGAAF; single-letter amino
acid codes) and carboxy-terminal antigen (GSKLDSWEEHIFSAF) from
the predicted MIXL open reading frame (ORF) were synthesized in the
synthetic antigen core facility at our institution. Rabbit polyclonal antibodies/
antisera (anti-MIXL-N and anti-MIXL-C) were raised against both the
peptides (Bethy! Lab, Montgomery, TX). The anti-MIXL-N antiserum was
further affinity-purified (Bethyl Lab). Both antibodies were evaluated for
specificity in nuclear extracts of transiently transfected COS-1 or 293T
cells. Although both antibodies detected the same specific band, the
affinity-purified amino-terminal antibody anti-MIXL-N with a higher titer
was used in further studies.

Nuclear extracts were prepared by lysing 4 X 106 cells (rinsed twice with
1 times PBS) in 400 pL lysis buffer (10 mM HEPES [4-(2-Hydroxyethyl)-
1-piperazineethanesulfonic acid], pH 7.9, 10 mM KCl, 0.1 mM EDTA.
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0.1 mM ethyleneglycotetraacetic acid (EGTA), 1 mM dithiothreitol [DTT],
I mM phenylmethylsylfonyl fluoride [PMSF], 2 ug/mL leupeptin, 2 yug/ml
pepstatin A. 2 pg/mL aprotinin, 500 pg/mL benzamidine, | mM Na;VO,).
After 15 minutes of lysis on ice, 12.5 uL of 10% Nonidet P-40 (NP-40) was
added to the lysates and vortexed for 15 seconds. The pellets obtained after
a quick spin at 14 000 rpm were resuspended in extraction buffer (20 mM
HEPES, pH 7.9, 0.4 M NaCl, | mM EDTA. | mM EGTA. 1 mM DTT, 1
mM PMSF, 2 pg/mL leupeptin, 2 pg/mL pepstatin A. 2 pg/mL aprotinin,
500 pg/mL benzamidine. 1 mM NazVOy). The extraction was continued on
ice for 30 minutes with intermitient vortexing. The supernatant nuclear
proteins obtained after centrifugation at 14 000 rpm for 5 minutes were
resolved (50 pg proteins/lane) on precast 10% SDS-polyacrylamide gels
(Invitrogen). After electrophoresis, the proteins were transferred to Hybond
P nylon membrane (Amersham) at 30 V overnight. The protocol for
immunoblotting was essentially as detailed elsewhere.?® The mouse mono-
clonal antibody against human histone HI (Santa Cruz Biotechnology.
Santa Cruz, CA) was used as loading control.

In vitro transcription, embryo injection, and animal cap assay

The predicted ORF of MIXL was cloned into the vector pBluescript RN3 (a
kind gift from Nigel Garrett and Patrick Lemaire) and designated pRN3-
MIXL. The mutated MIXL with an in-frame deletion of the entire
homeodomain was also cloned into the same vector and designated pRN3-
AMIXL. Capped mRNAs of MIXL and truncated MIXL were synthesized from
the Sfil-finerized constructs pRN3-MIXL and pRN3-AMIXL by using T3 RNA
polymerase (nMMESSAGE mMACHINE; Ambion, Austin. TX). and purified
through G50 Sephadex Column (Roche).

For animal cap assay, Xenopus embryos were in vitro fertilized,
dejellied. and cultivated, and injected with synthetic mRNA at the one-cell
stage in the animal pole. Then, animal caps were explanted at stage 8 and
cultured to the sibling stage 36 in the presence of 200 ng/mL recombinant
human basic FGF (bFGF). The expression of Xenopus aT4-globin gene was
examined by RT-PCR with the primer pair §'-TTG CTG TCT CAC ACC
ATC CAG G-3' and §'-TCT GTA CTT GGA GGT GAG GAC G-3". EFla, an
endoderm marker 5-GGA AAG TCC ACA ACA ACT GG-¥ and 5-GGA
GCATCAATG ATA GTG AC-3', was used as control. The multiplex PCR of 27
cycles was performed under conditions described above.

Results
Isolation of human MIXL

To molecularly clone the human Mix.1-like gene(s), we searched
the human EST database against the homeodomain sequences of
Xenopus Mix.1 with the tBLASTN software program (http://
www.ncbi.nlm.nih.gov/BLAST) in the public domain. A single
EST clone AA847809, containing a partial homeodomain with
66% identity and 72% similarity in the predicted ORF to that of
Xenopus Mix.1, was identified from a CD20* germinal center
pre-B cell library. Double-stranded sequencing of the 1.8 kbp insert
of AAB47809 allowed us to deduce a partial ORF of 155 amino
acids followed by 3" UTR of 1307 nucleotides, including 214 bp of
an alu repeat and no polydenylation signal. Surprisingly, recursive
searches with the AA847809 sequences identified only 3 other
clones: AA911377, from a mammary carcinoma cDNA library, and
Al654861 and BES552088, from germ cell wumors, in the entire
human EST database of about 3.7 million entries from more than
30 different tissues. Thus the expression of the Mix.I-like ho-
meobox gene may be tightly regulated.

Because all the 4 clones contain partial 3’ coding sequences of
the presumptive gene, we attempted to isolate the 5’ and 3’
sequences by RACE of ¢DNA pools from fetal brain. Unfortu-
nately, this approach did not yield readily discernible 5' products
due to the high GC content (> 75%) of the 5' end, whereas the
3'-RACE yielded a 1.3-kbp product (data not shown).
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An alternate approach was to isolate BAC clones, because these
could be sequenced to deduce additional 5’ coding sequences. A
pair of primers (MIXL-EST1) covering the unique 3’ region from
the carboxy-terminal domain to the 3 UTR yielded the predicted
271-bp fragment from normal human genomic DNA. This primer
pair was used to screen the CITB-HSP-C human BAC library, and
BAC clone 216111 was isolated. By assembling sequences gener-
ated from the BAC clone with MIXL-specific primer with the
sequences from EST clone AA847809, we predicted an ORF of 232
amino acids, similar to the previously reperted murine Mix-like
(MmlIMIXL1) gene. We designated the gene MIXL (Mix.1
homeobox [Xenopus laevis]-like gene, GenBank accession no.
AF211891) in consultation with the Human Genome Nomencla-
ture Committee.

The deduced ORF has a putative ATG start codon with a good
Kozak motif (G3 and G,4 [GGAGCGatgG])*! and contains a
proline-rich amino-terminal region, a pairedlike homeodomain,
and a carboxy-terminal acidic domain (Figure 1A).

To characterize the genomic organization of MIXL, we designed
several pairs of primers to probe the exon-intron junctions in BAC
216111 by PCR. By using long-range PCR with the primer pair
MIXL-HD that spans the codons 92-157, we amplified a 1.6-kbp
genomic fragment. As a result, a 1.4-kbp intron was identified in
the middle of the homeobox (Figure 1B). The possibility of one or
more untranslated 5" exons cannot be excluded at the present time.
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Figure 1. Human Mix. 1-like homeobox gene MIXL. (A) The predicted ORF of MIXL.
Nucleotides 1-285 were derived from sequencing BAC CITB-HSP-C216111. The rest
was from cDNA clones AAB47808, AADT1377, and AIG54861. The Korak consensus
around the initiation Met are in italics. The conserved Mix-like homeodomain and
carboxy-terminal domain are in bold. (B) Genomic organization of MIXL. The 1.6-kbp
genomic fragment containing the intron was amplified from BAC 216111 with the
primer pair MIXL-HD, subcloned, and sequenced. The exon-intron junctions with
perfect splice donor and acceptor consensus thus identified batwsen nuctectides 448
and 449 (panel A) were confirmed by direct sequencing of BAC 216111, Exon 1 is
predicted to be more than 393 bp and exon 2 to be about 1.3 kbp. The protein
domains of the predicted MIXL ORF are indicated. The amino-terminat proline-rich
domain, not found in Xenopus Mix.1, is unique to MIXL and Mmi.
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Figure 2. High degree of conservation in the homeo- and acidic carboxy-
terminal d in } {A) ClustalW alignment of the 60 aminc acid
homeodomain saquences. The MIXL homeodomain shows 66% identity to that of
Xenopus Mix.1. Residues constituting the 3 helical motifs are denoted. Note the high
identity in the amino-terminal arm and helix 3 responsible for DNA binding. (B}
Homology in the carboxy-terminal acidic domain. The highly conserved SxxSDVE and
WEE mofifs are denoted.

Both Mix-like homeodomain and carboxy-terminal domain are
evolutionarily conserved

To determine the homology and phylogenetic distances between
the human MIXL, other Mix-like genes (Mmd and CMIX), and
Xenopus Mix family members, the homeodomains of these genes
were compared by the ClustalW program.?? A neighbor joining
phylogenetic tree revealed the human MIXL gene to be more
closely related to the mouse MmU/MIXL1 gene than other genes
(data not shown). The 2 proteins showed an overall identity of 69%
with 2 94% identity in the homeodomain (Figure 2A). Furthermore,
the MIXL homeodomain is closer to that of Xenopus Mix.1 with
66% identity and 72% similarity than to that of Xenopus Bix.1 at
61% identity and 69% similarity (Figure 2A).

In the carboxy-terminal domain, MIXL also shows homology to
Xenopus Mix.1 and other Mix-like proteins. As shown in Figure
2B, the 2 motifs SxxSD/E and WEE in the domain are conserved
among most Mix-like proteins, suggesting that the carboxy-
terminal domain is essential for MIXL function.

Localization of MIXL o chromosome 1g42.1

We localized MIXL by RH mapping to examine whether the gene
maps to a chromosomal region implicated in malignancies. An RH
data set generated by PCR with MIXL primers was submitted to the
Stanford RH server for linkage mapping. The statistical analysis
then demonstrated that the MIXL gene is linked to several markers
(LOD > 6) located on chromosome 1g42, including SHGC-
355541, SHGC-30345, SHGC-30224, and SHGC-37008 (Figure
3). FISH studies with BAC 216111 further confirmed the mapping
to chromosome 1g42 (J. Ma, W.G., and L.N., unpublished results,
January, 2000).

To further refine the mapping, a small BAC contig was built in
silico by a search of the human genome database (Figure 3). MIXL
sequences were detected in BACs RP11-257114 (accession no.
AL592045) and RP11-588H15 (accession no. AC021883). The
RP11-588H15 sequences overlap with the RP11-15H13 (accession
no. AC011651), which contains SHGC-30345, a marker identified
by the RH mapping. Furthermore, BAC RP11-257114 overlaps
with BAC RP11-396C23 (accession no. AL512343) containing the
polymorphic marker D15479, which is physically localized to the
human chromosome 1q42.12 by high-resolution FISH mapping in
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Figure 3. MIXL localizes to human chromosome 1q42. MIXL was localized to
human chromosome 142 and linked to the markers in bold by radiation hybrid
mapping. Tentative genomic sequences from BACs 216111, RP11-588H15, and
RP11-275114 contain the MIXL gene. BACs 588H15 and 275114 also span the marker
SHGC-37008. BAC RP11-15H13, which overlaps with BAC 588H15, contains the
marker SHGC-30345. BAC RP11-396C23 overlapping with BAC 275114 contains the
microsatellite marker D1.8479. The microsatellite markers D15479 and 018458 (in
text box) localize to band 1g42.12 and 1g42.2b by high-resolution FISH.

the public domain. Therefore, the MIXL gene is physically
localized to human chromosome 1g42.1, a region with increased
copy number (gain) as detected by comparative genomic hybridiza-
tion in mammary cancer and lymphoid malignancies. 2325
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Figure 4. MIXL expression is restricted in normal hematopoletic tissues. (A)
Human immune system multitissue Northern blot (Clontech Laboratories) was
hybridized overnight with radiolabeled MIXL cDNA probe as described in “Materials
and methods,” and the blot was exposed to x-ray film for 5 days. Arrows denots the 3
bands detected. The autoradiograph of the same blot rehybridized with B-actin is
shown in the lower panel. PBL indicates peripheral blood leukocytes. (B) The T, B, or
myeloid progenitors (1 % 103, 2.5 X 103, and 9 x 107 cells, respectively) from bone
marrow or mature T cells, B cells, monocytes, and red blood cells (2 x 105, 1 x 105,
5 10%, and 1 % 10° calls, respectively) were obiainad for total RNA sxtraction. The
RNA from each fraction was reverse-transcribed with an oligo dT primer. The cDNAs
were approximately normalized based on a pilot B-actin amplification reaction.
Aliquots of 2 p.L of the direct or diluted cDNApool were used in PCR of 18, 21, 24, 27,
or 30 cycles with MIXL-EXP primers or B-actin primers as detailed in *Materials and
methods.” The amplification products {341 bp for MIXL and 246 bp for B-actin) wers
resolved on a 1.5% agarose gel, transferred to Hybond N+ membrane, and probed
with radiolabeled MIXL or g-actin cDNAs. The blots were exposed to the Phosphor
Screen for 1 hour. The images were converted from the Phosphor Screen, The
number of PCR cycles is denoted at the bottom.
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MIXL expression is restricted to progenitor compartments

The MIXL transcript levels in hematopoietic tissues were evaluated
by Northern blotting analysis. We detected 3 transcript forms: 2.85
kb, 2.4 kb, and 1.9 kb (Figure 4A). It is likely that there are
unidentified 5’ exons or different polyadenylation signals account-
ing for the 3 splice forms, as we could account for 1.7 kbp from the
MIXL sequences and 3'-RACE results. All the 3 transcript forms
were detected in lymph nodes, spleen, and bone marrow, suggest-
‘ing that the MIXL expression is restricted to tissues with stem cell
or progenitor compartments (Figure 4A). However, fetal liver did
not reveal readily detectable expression, raising the possibility of a
stage-specific low transcription during the 18- to 24-week stages of
gestation. Future in situ hybridization experiments will address this
important question.

To further assess MIXL expression during hematopoietic differ-
entiation, we generated cDNA pools from fluorescence-activated
cell sorter (FACS})-enriched progenitor populations of T, B, and
myeloid lineages as well as mature B cells, T cells, monocytes and
erythrocytes from normal peripheral blood. RT-PCR products of
cDNA pools from these highly enriched fractions were detected by
Southern hybridization with a radiolabeled MIXL probe. The
products were screened at 18, 21, 24, 27, and 30 cycles to estimate
the relative abundance of the target mRNA. The quality of the
c¢DNA pools was first evaluated with a pair of B-actin primers.
Under these conditions we could detect MIXL expression in both T-
and B-cell progenitors from normal marrow (Figure 4B). In
contrast, there were no detectable products from the RT-PCR of
¢DNA pools from mature T and B cells from peripheral blood
(Figure 4B).

To further characterize MIXL protein expression, we developed
polyclonal rabbit antisera against MIXL peptides. The specificities
of the 2 antisera raised against 2 different epitopes were rigorously
tested in transiently transfected 293T cells. Interestingly, the MIXL
protein migrated at 36 kd, although the predicted molecular weight
is 27 kd. Similarly, an expression construct lacking the homeodo-
main with a predicted molecular weight of 17 kd migrated at 26
kd (Figure SA). The aberrant mobility could be due to the high
proline content (35%) of the amino-terminal segment between
amino acids 31 and 83. Both the transfected and endogenous
MIXL proteins showed similar mobilities (Figure 5B) confirm-
ing the predicted ORE.

We next examined MIXL protein levels in cell lines derived
from hematopoietic malignancies (Figure 5B). ML3 and KGlI,
AML cell lines that express CD34% antigen, expressed MIXL
protein unlike the more committed myeloid leukemic cell lines
HL60 and U937. The K562 cells derived from a patient with
chronic myelogenous leukemia in erythroid blast crisis expressed
significant levels. Among the cell lines derived from T-cell acute
Iymphocytic leukemia (ALL), the pre-T cell line CEM and the v,5%
cell line Peer had higher levels than the more committed Jurkat
cells. CJ, a lymphoma cell line derived from a patient with
diffuse large B-cell lymphoma, expressed high levels of MIXL.
Thus, the expression of MIXL appears to correlate with malignan-
cies of early progenitors of myeloid, erythroid, and B- and T-cell
lymphoid lineages. )

MiIXL induces of a-globin expression in Xenopus animal caps

The structural conservation between human MIXL and Xenopus
Mix.1 led us to ask whether the human MIXL is involved in
embryonic hematopoiesis. One way to address the question is to
examine whether ectopic expression of MIXL would direct the
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Figure 5. Characterization of MIXL protein expression. (A} Specificities of MIXL
antibodies. 293T cells were transfected with wild-type (WT) MIXL and mutant MIXL
without the homeobox (AMIXL) cloned in the vector pcDNA3. 1-MycHis. Forty-sight
hours after transfection, cytoplasmic lysates for horneodomain-less mutant MIXL and
nuclear lysates for WT MIXL wers resolved on a 12% SDS-PAGE gel and transferred
1o a Hybond P nylon membrane. The biot was probed with the affinity-purified
antibody anti-MIXL-N at a dilution of 1:100 and antiserum anti-MIXL-C at a dilution of
1:1000. Both antibodies dstected the same fulldength MIXL protein at 36 kd and
homeodomain-less mutant MIXL at 26 kd. V indicates vector alone; FL, full-length
MIXL construct and AHD- homeodomain-fess construct. (B) MIXL protein is ex-
pressed in hematologic malignancies. MIXL proteins were detected in leukemic cells
expressing early myeloid markers (ML3, KG1), lymphoid markers (CEM, Peer, CJ)
and erythroid markers (K562). The affinity purified antibody anti-MIXL-N was used at
1:100 dilution. The blot was reprobed with the mouse monoclonal antibodies against
human histone H1 to quantify loading.

mesoderm to a hematopoietic fate in Xenopus embryos. Synthetic
mRNA of wild-type MIXL or homeobox-truncated MIXL was
injected into one-cell Xenopus embryos. At stage 8, animal caps
were collected and cultured with human recombinant bFGF,
because FGF or other mesoderm inducers are required for induc-
tion of hematopoietic mesoderm by BMP-4 or GATA-1 in animal
cap assay.’* At the equivalent of stage 36, animal caps were
harvested for RNA extraction. As shown in Figure 6, bFGF alone
could not induce o'T4-globin expression in animal caps. With bFGF
treatment, human MIXL induced «-globin expression in animal
caps, whereas homeobox-truncated MIXL failed to induce erythro-
poiesis. These findings demonstrated that human MIXL mimics
Xenopus Mix.1 in the specification and development of the
hematopoietic system in Xenopus embryos. Taken together, MIXL
may be a novel regulatory factor involved in both embryonic and
adult human hematopoiesis.

Discussion
MIXL is a Xenopus Mix.1-llke gene

The Xenopus Mix.] homeoboxlike genes have been found in
several organisms, including zebrafish, chicken, mouse, and hu-
man. Although at least 9 Mix-like genes have been isolated in
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Figure 6. MiXL-Induced expression of aT4-globin In Xenopus animal caps.
Synthetic mRNAs (300 pg or 1 ng RNAs) were injected into Xenopus one-cell
embryos in 2 separate sets. At the 8-cell stage, animal caps were excised and the
explants were cultured in the presence of human recombinant bFGF {(hbFGF). Atthe
equivalent of stage 36, the animal caps from each set was pooled separately for RNA
extraction and RT-PCR analysis. Twenty-seven cycles of multiplex PCR with the
primer pairs for «T4-globin and EF1-a genes were performed. Note tha «T4-globin
expression in wild-type (WT) MifXL-injected animal caps but not in animal caps
injected with homeobox-iess MIXL (AMIXL) or FGF-treated embryos. +, 300 pg
“mANA; ++, 1 ng mRNA.

Xenopus, only single-copy genes have been detected in each of the
other vertebrates tested so far. How many Mix-like genes are there
in higher organisms? Since Xenopus is tetraploid, there should be
half the number of Mix-like genes in other organisms. However,
our results strongly indicate that there is only one Mix-like gene in
humans, because we could not identify any other Mix-like gene
from the current genome database. Furthermore, Southern blotting
studies with MIXL cDNA are consistent with MIXL being a single
copy gene (H.L., W.G,, and L.N., unpublished results, June, 1999).

A comparison between Mix-like genes indicated that the human
MIXL gene is more closely related to the mouse Mm/ gene than
other Mix-like genes. The homeodomain of human MIXL has 94%
identity fo that of the mouse Mml, whereas the human MIXL
protein shows an overall 69% identity to mouse Mml. Although the
overall homology between human MIXL and mouse Mm/ is not
very high, it is likely that MIXL is the human ortholog of the mouse
Ml because both genes localize to evolutionarily conserved
syntenic regions on chromosome 1.10

Structural and functional conservation between
Mix.1-like genes

Mix-like genes constitute a distinct family of pairedlike homeobox
regulators. Typically, they encode a conserved Mix-like homeodo-
main and a conserved carboxy-terminal “WEE” motif, except for
Xenopus Mixer that contains no “WEE” motif. However, there is a
major difference in that Mix-like proteins in chicken, mouse, and
human are much smaller in size (~230 amino acids) than those in
amphibians.®!! Xenopus Mix-like genes encode proteins of approxi-
mately 370 amino acids in size.>7 There are 2 possible explanations
that could account for the difference. The first is that only the
conserved domains are evolutionarily critical for functions of
Mix-like genes. Although homology between human MIXL and
Xenopus Mix.1 is restricted in the conserved homeodomain and
carboxy-terminal domain, ectopic expression of MIXL directed
Xenopus mesoderm to a hematopoietic fate in animal cap assay
(Figure 6), as Xenopus Mix.] did. In addition, microinjection of
MIXL mRNA into Xenopus embryos led to the phenotypic conse-
quences similar to those of Xenopus Mix.1 (A.PC. et al, unpub-
lished results, March, 2000). This possibility can also explain why
the overall homology between human MIXL and mouse Mml is
relatively low compared to other pairediike homeobox gene
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families. An alternate possibility is that Mml, MIXL, and CMIX
may belong to a novel subfamily of Mix-like homeodomain
proteins, in case there are additional Mix-like genes with weak
homology in higher organisms.

MIXL in human hematopoiesis and leukemogenesis

Our results strongly suggest MIXL to be involved in human
hematopoietic differentiation. Ectopic expression of MIXL could
induce a-globin expression in animal caps (Figure 6), reflecting a
possible role for human MIXL in embryonic hematopoiesis.
Consistent with this observation was our detection of differential
expression of MIXL in hematopoietic tissues and cell lineages
(Figures 4 and 5). As shown in Figure 4A, the transcripts are readily
detectable in lymph nodes and spleen. However, the apparent lack
of expression in fetal liver is inconsistent with the expression in
lymphoid tissues. The possibility of an oscillating expression
pattern during hematopoietic maturation cannot be excluded.
Clearly, the transcript levels are higher in the highly enriched B-
and T-lymphoid progenitors from bone marrow than in the
peripheral blood (Figure 4B). The high G+C content and the
highly conserved homeodomain of MIXL are technical challenges
in evaluating the expression pattern precisely. Future studies on
how and when MIXL is induced in hematopoietic cells and whether
MIXL cooperates with other pairedlike homeobox genes and
transcription factors to regulate downstream events in hematopoi-
esis will elucidate the significance of its highly restricted expression.

Another indication of the highly restricted expression comes
from the representation of MIXL gene in the human EST database.
Among the 3.9 million entries from more than 30 tissue types and
20 cell lines MIXL is found in only 4 tissues, namely CD20*
germinal center B cells, germ cell tumors, infiltrating ductal
carcinoma, and fibrosarcoma.

BMP-4 signaling is hypothesized to be involved in initiation and
specification of the mammalian hematopoietic system.2677 Although no
direct evidence shows BMP-4 involvement in the mammalian hemato-
poietic system, Xenopus studies have implicated BMP-4 in hematopoi-
esis.>1428 The hypothesis is further supported by the polarized expres-
sion of BMP-4 in a region of densely packed cells underlying
intra-aortic hematopoietic clusters located in the AGM region.)® Be-
cause Xenopus Mix.l is a downstream target of the BMP-4 signaling
pathway,!? it will be interesting to determine if the human gene MIXL is
adirect target of BMP-4.

Mammalian hematopoiesis requires many factors, including
SCL, LMO2, and GATA2, that regulate the differentiation of
uncommitted progenitors with high precision.?-3 Xenopus SCL as
well as GATA?Z could induce the aT4-globin expression in animal
caps.3*3¢ With bFGF treatment, human MIXL induced aglobin
expression in animal caps (Figure 6). Interestingly, Xenopus Mix.1
induces expression of Xenopus SCL,* suggesting that MIXL might
be involved in SCL regulation. Considering the patterning of
amphibian animal caps to hematopoietic fate by human MIXL
(Figure 6) as well as Xenopus Mix.1,'2 future studies will unveil
whether MIXL is involved in the same cascade in mammalian
hematopoiesis by regulating SCL. Reagents generated in the
present study will be of value in elucidating this mechanism.

Activation of early transcription factors, including homeobox
genes, by chromosomal translocation is a recurrent theme in human
hematologic malignancies (for a review, see van Qostveen et al¥’).
We detect high levels of MIXL expression in some less-committed
myeloid and lymphoid malignancies (Figure 5B). One possible
mechanism for these observations is that high levels of MIXL
expression may lead to activation and even overexpression of the
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oncogene SCL. Additionally, aberrant expression of MIXL could
directly confer a survival advantage or facilitate a block in

differentiation.

subset of these anomalies.
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